INTRODUCTION
============

For the past 40 years the porcelain-fused-to-metal systems have been extensively used in fixed partial dentures (FPDs) and still represents the gold standard.[@B1] The advantages of the PFM systems are to combine the fracture resistance of the metal substructure with the esthetic property of the porcelain. However, recently the increasing demand for esthetic restorations as well as the questionable biocompatibility of some dental metal alloys has accelerated the development and improvement of metal-free restorations.[@B2]

In the early 1990s, yttrium oxide partially stabilized tetragonal zirconia polycrystal (Y-TZP) was introduced to dentistry as a core material for all-ceramic restoration and has been applied to clinical use through the CAD/CAM technique. Due to the transformation toughening mechanism, Y-TZP has been shown to have superior mechanical properties compared to other all-ceramic systems. (flexural strength of 900 - 1200 MPa, and fracture toughness of 9 - 10 MPa·m^1/2^)[@B3] Due to its mechanical property, zirconia has enough strength to withstand the high occlusal stress.[@B2],[@B4] Therefore, it can be used in extensive all-ceramic FPDs having more than 4 units.[@B5]

According to clinical studies, the Y-TZP core ceramic exhibited high stability as a framework material. No fractures of the zirconia framework have been reported so far.[@B6]-[@B8] However, delamination or minor chip-off fracture of veneering porcelain was described as the most frequent reason for the failures of zirconia FPDs. The incidence of veneer fractures in zirconia FPDs was significantly higher compared with those in metal-ceramic FPDs.[@B6] Therefore, the bond between core and veneer or the veneer material itself is one of the weaknesses in layered zirconia based restorations and plays a significant role in their long-term success.[@B9]

The adhesion mechanism between metal and porcelain is believed to be the micro-mechanical bond, compatible coefficient of thermal expansion (CTE) match, van der Waals force, and mainly the suitable oxidation of metal and interdiffusion of ions between the metal and porcelain.[@B10] Data presented in literature has shown the bond strength of ceramic or resin to metal substrates to be in the range of 54 - 71 MPa[@B11], and a sufficient bond for metal-ceramic has been accepted when the fracture stress is greater than 25 MPa.[@B12],[@B13]

However, the bonding mechanisms for veneering ceramic to the zirconia are up to now unclear. According to investigations on the wettability of the zirconia core with the veneering ceramic, micromechanical interactions were merely regarded. Moreover, there are less information available on the bond strength values between the all-ceramic core and veneering materials, and there exists no accurate test method for obtaining information on core/veneer adhesion in bi-layered all-ceramic materials in dentistry.

Many variables may affect the zirconia core-veneer bond strength; such as the surface finish of the core, which can affect mechanical retention; residual stress generated by mismatch in coefficient of thermal expansion (CTE); development of flaws and structure defects at core-veneer interface; and wetting properties and volumetric shrinkage of the veneer.[@B14] The cause of core-veneer bond failure may be related to multiple factor.

The purpose of this study was to evaluate the shear bond strength of zirconia and metal alloys with their corresponding veneering porcelains. Scanning electron microscopy (SEM) was used to classify the failure pattern, and the interface chemistry was evaluated using energy dispersive X-ray microanalysis (EDX).

MATERIAL AND METHODS
====================

The materials tested for this study were listed in [Table I](#T1){ref-type="table"}.

Three types of core-veneer combinations (N = 45, n = 15/group) were fabricated by one dental technician according to the manufacturer\'s instructions. The corresponding porcelains for each core were veneered to zirconia (Group I), base metal alloy (Group II), and high noble metal alloy (Group III).

1. Preparation of the zirconia core-veneer specimens (Group I)
--------------------------------------------------------------

Fully sintered Cercon®blocks (Degudent, Hanau, Germany) (23 × 15 × 9 mm) were used for this study. The Cercon® Base blocks were sandblasted with 110 µm Al~2~O~3~ particles at 2.5 bar pressure according to the manufacturer\'s pre-treatment recommendation. The bars were steam-cleaned and air-dried. After a thin liner (Cercon® Ceram Kiss Liner, Degudent Hanau, Germany) layer was fired, the veneering ceramic (Cercon® ceram kiss, Degudent, Hanau, Germany) was built up to the final dimension (thickness of 3 mm) according to the firing program of the manufacturer (Austromat 3001, Dekema Dental-Keramiköfen GmbH & Co, Freilassing, Germany). Due to the shrinkage of porcelain, three separate firings were required to establish the correct dimension.

The blocks were cut in a sawing machine with diamond wheels to 15 bars (4 × 4 × 12 mm: 9 mm core / 3 mm veneer) ([Fig. 1](#F1){ref-type="fig"}). After surface examinations with a magnifying glass, the intact specimens were selected.

2. Preparation of the metal core-veneer specimens (Group II, III)
-----------------------------------------------------------------

The bars (4 × 4 × 9 mm) were cast in Ni-Cr base metal ceramic alloy (Tillite, Talladium Inc., LA,USA), high noble metal ceramic alloy (Degudent H, Degudent, Hanau, Germany), according to the manufacturer\'s instructions. The veneering ceramic (Vita VM13, VitaZahnfabrik, BadSäckingen, Germany) was built up to thickness of 3mm after degassing, second layer of opaque firing procedures. All specimens were examined and excess porcelain was removed using a high speed diamond bur with a low-speed handpiece. The final dimensions of bars of group II and III were identical to those of group I.

3. Shear bond strength test (SBS test)
--------------------------------------

### 3.1 Mounting

Each bar was embedded in the customized polytetrafluoroethylene (PTFE) mold using PMMA resin. Every effort was made to place the core-veneer interface on the same level as the upper plane of the mold ([Fig. 2](#F2){ref-type="fig"}).

The core-veneer interface of the specimen was placed on the same level as the upper plane of the mold using discs for horizontal plane adjustment.

### 3.2. Shear bond strength test (SBS test)

The PTFE molds holding the specimen were first inserted into a custom-made shear test jig (Instron, Canton, MA, USA), and the jig was secured in a bench vice. Then, the specimens were stressed in shear at a constant crosshead speed of 0.5 mm/min15 until failure occurred using an Instron Universal Testing machine (Model 3345, Instron, Canton, MA, USA). The test was carried out at room temperature. Force was applied to the specimen so that shear load was exerted adjacent to and directly to the bonding interface ([Fig. 3](#F3){ref-type="fig"}).

Load deflection curves and ultimate load to failure were recorded automatically and displayed by the computer software of the testing machine (Bluehill® Lite software, Instron Canton MA, USA). Shear bond force was recorded in Newtons, and the average shear bond strength (MPa) was calculated through dividing the load (N) at which failure occurred by the bonding area (mm^2^).

Shear stress (MPa)= Load (N) ÷ Area (mm^2^)

4. SEM and EDX analyses
-----------------------

To determine the mode of failure, the broken specimens were examined under scanning electron microscopy (SEM) (s-4700, Hitachi, Japan) under × 30 to × 1000 magnifications.

The definition for failure modes are presented in [Table II](#T2){ref-type="table"}. And the chemical composition at the fractured core was analyzed using energy dispersive X-ray microanalysis (EDX).

5. Statistical analysis
-----------------------

Statistical analysis was carried out using statistical software (SPSS 14.0, SPSS, Inc., Chicago, IL, USA). The data was analyzed using the one-way analysis of variance test (ANOVA) and the Tukey\'s multiple comparison test. The test was performed at a level of significance of 0.05.

RESULTS
=======

[Table III](#T3){ref-type="table"} shows the mean shear strength of the core-veneer interface of 3 groups. The highest mean shear strength was recorded for group III (38.00 ± 5.23 MPa) followed by group II (35.87 ± 4.23 MPa) and group I (25.43 ± 3.12 MPa).

The one-way ANOVA showed a significant difference for the shear bond strength among the materials tested at the significant level of 0.05 ([Table IV](#T4){ref-type="table"}). The Tukey\'s multiple comparisons of the test were computed to make all pair-wise comparisons among the 3 groups in this study. These comparisons are listed in the last column of [Table III](#T3){ref-type="table"}. The P values of the different comparisons did not show significant difference between the metal groups (II, III). But the zirconia group (group I) had significantly lower values than Group II and Group III (*P* \< .05).

Upon examination under the SEM (× 30), the zirconia group exhibited mixed cohesive/adhesive failures with only small remnants of porcelain attached to the core material. A SEM images of the zirconia group under high magnification showed many small pores in the veneering porcelain, where fracture originated and propagated in the veneering ceramics. Careful examination exhibited a thin layer of veneering porcelain covering the fracture surface([Fig. 4A, 4B, and 4C](#F4){ref-type="fig"}). Also, EDX results revealed that fractured zirconia surfaces were mainly covered by liner or veneer material and some zirconia crystals were exposed ([Fig. 7A](#F7){ref-type="fig"}).

Some base metal alloy specimens revealed mixed cohesive/adhesive failures with porcelain attached to the loaded side of the core. But many specimens presented a cohesive failure between the metal oxide and alloy, with a thin metal oxide layer covering areas of the fractured surface. Under high magnification evaluation, there were many pores in veneering porcelain and internal pores acted as the fracture origin ([Fig. 5A, 5B and 5C](#F5){ref-type="fig"}). Fractographic analysis by SEM showed that the fracture origin in the veneering porcelain was mostly on the loaded surface. EDX results revealed that the fractured core surface mainly failed in oxide layer or at oxide layer/metal interface ([Fig. 7B](#F7){ref-type="fig"}).

In high noble metal alloy group (III), SEM image and EDX analysis of the fractured surface showed that cohesive failures within the veneering porcelain were predominant ([Fig. 6](#F6){ref-type="fig"}).

DISCUSSION
==========

The bond strength measurement of metal ceramic system was standardized by the Organization of Standardization through the Schwickerath crack initiation test (three point bending test), and the mean debonding strength/crack initiation strength should be greater than 25 MPa to meet the ISO requirement.[@B13] Due to the brittleness of all-ceramic core materials this test setup cannot be applied to all-ceramic multilayered system.[@B16] To date an adequate standardized test set-up and a minimum required bond strength for bi-layered all-ceramic materials has not been determined.[@B17]

In a survey of the literature, few articles utilized various bond strength test methods for all-ceramic core and veneering ceramic, such as the shear bond strength test[@B17]-[@B20], three and four point loading test[@B21], biaxial flexure strength test[@B14], and the microtensile bond strength test.[@B19],[@B22],[@B23],[@B28] However, each test has a common limitation which is the difficulty in determining the core-veneer bond strength from applied force at failure on the sample in the specific test setup. In this study, the shear bond strength test method was selected because of its simplicity, such as the ease of specimen preparation, simple test protocol and the ability to rank different products according to bond strength values. But the SBS test has some disadvantages such as high standard deviations, occurrence of non-uniform interfacial stresses, and the influence from specimen geometry. Therefore, the standardization of specimen preparation, cross-sectional surface area, rate of loading application are important for improving the clinical usefulness of SBS test.

The specimens tested in this study were fabricated in rectangular forms so as to standardize the cross-sectional area easily. But there are some limitations in the methodology of this study. The first problem lies in the fixation of the test specimens by embedding in the customized PTFE mold using PMMA resin. When the strength of PMMA resin is weaker than the metal-veneer bond strength (especially the high noble metal-veneer group), failures occurred within the PMMA resin. Thus, improved method for fixation of specimens should be required. And the other limitation is that the specimens had to be custom fabricated and subjected to grinding, which may have produced some flaws or cutting defects in the specimens.

In previous studies, Dundar et al.[@B18] reported shear bond strength in the range of 23 - 41 MPa and Al-Dohan[@B17] reported shear bond strength in range of 22 - 31 MPa for commercially available core-veneer all-ceramic systems. In this study, the SBS value of veneering ceramic to zirconia core was 25.43 MPa, confirming the findings of previous studies. However unlike in Al-Dohan\'s study[@B17], our study\'s results indicate a significant difference in mean SBS values between the zirconia group and metal groups. This difference in findings could be attributed to many factors, such as study design, methodology, skill and experience of the operator, and different properties of different materials.

Although there were no significant differences in mean SBS values between base metal alloy and high noble metal alloy to the corresponding veneer, the value of the high noble alloy group(38 MPa) was higher than that of the base metal group (35. 87 MPa).

The longevity of metal ceramic restorations depends on reliable bonding between metal and ceramic, primarily produced by the oxide layer.[@B10] If the oxide layer is absent or thin, it would be completely eliminated during ceramic sintering, resulting in poor bonding. However, a heavy oxide layer should be avoided because it has poor cohesive strength[@B24] it would obstruct the mechanical bond. According to the manufacturer, thicker oxide layers occur in nickel- and cobalt-based alloy because they contain elements that easily oxidate during the initial step of oxidation. Therefore, the initial oxidation step is not recommended. In this study, initial oxidation step was performed on the both base metal alloy and high noble metal alloy, which may cause the low values of SBS for base metal alloy group.

The predominance of cohesive failures of ceramic in the high noble metal group (Group III) suggests that the adhesive zone (opaque ceramic/oxide layer interface, oxide layer and oxide layer/alloy interface) had higher strength than that of the ceramic. In contrast, for the base metal alloys, a predominance of interface failures was noted, suggesting that the oxide layer was weaker than that of the veneering ceramic.

Understanding the failure mechanics of dental ceramic is one of the key points in developing stronger ceramic materials. Fractography has always been a powerful tool in understanding the failure mechanics of brittle materials such as dental ceramics. Identifying location, size, and types of crack initiation illustrates how cracks start, propagate, and extend to a macroscopic level, ending ultimately in fracture restoration.[@B25]

SEM evaluation revealed that the fracture originated in veneering porcelain in both the zirconia and metal ceramic groups. The failure modes of the specimens from the metal ceramic and zirconia groups suggest the importance of the mechanical properties of the veneering porcelain, since cracks initiated in the veneering porcelain. It is possible that pores and internal defects of veneer lead to the initiation of fracture. Thus, the fabrication technique has critical procedures, such as layering, firing, surface finishing, and polishing of veneering porcelain.[@B26] In addition, the strength of the veneering porcelain, which is also related to the degree of crystallinity of the veneering porcelain, is paramount to the longevity of the restorations.[@B27]

Recently, a new generation of ceramic has been introduced for the veneering zirconia framework adopting the pressing technology. The advantages of this system are simplicity, quickness, and defect-free structures. Also the higher tensile strength of these press-on veneers, in addition to their superior interface quality and higher bond strength with zirconia, makes them optimal materials for application.[@B28] Thus further studies comparing different veneering techniques, such as the conventional layering technique and pressed-on veneering technique, are needed.

The results of this study are in agreement with the observed clinical behavior of zirconia based system. In some clinical studies, the mechanical failures of zirconia-based systems were in the form of minor cohesive porcelain chipping. Improving the bonding strength of zirconia core-veneer and the strength of veneering porcelain may reduce the failure due to chipping or delamination of veneering porcelain.

As the limitation of this study was the fact that a static test was performed in a dry environment. Water would be constantly present in the actual oral environment, which would undergo repeated temperature and pH changes. According to most studies on the bond strength, the actual bond strength would be lower than expected since the bond strength would decrease further with thermocycling or artificial aging.[@B29] Therefore thermocycling or artificial aging procedures should be included in subsequent studies.

CONCLUSION
==========

Within the limitations of this study, the following conclusions can be drawn.

1\. There was no significant difference among metal-ceramic groups (Group II vs Group III) in the shear bond strength. (*P* \< .05)

2\. There was a significant difference between the metal ceramic groups and zirconia group in the shear bond strength (*P* \< .05).

3\. Surface analysis of failure modes showed combined failure modes: cohesive failures in the veneer (loaded side) and adhesive failures at the core veneer interface (unloaded side). SEM evaluation showed that the fractures originated in the veneering porcelain in both the zirconia and metal groups and the fracture origin in the veneering porcelain was mostly on the loaded surface. In the case of interfacial fractures, a thin layer of the veneering ceramic or oxide layer remained on the core materials.
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![Schematic diagram of specimen embedded in PTFE molds.](jap-1-129-g002){#F2}
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![SEM image of zirconia-veneer group (Group I).\
(A) The arrow indicates the direction of load. The loaded side demonstrates cohesive failure within the veneering porcelain (original magnification × 30), (B) Note many pores within veneering \'porcelain (arrow), where fracture originated. The fractured Cercon Ceram kiss veneer demonstrates multiple cracks extending in a vertical direction (Hackle patterns) (original magnification × 250), (C) High magnification SEM image exhibited a very thin layer of porcelain covering zirconia grains (original magnification × 1000).](jap-1-129-g004){#F4}

![SEM image of base metal alloy-veneer group (Group II).\
(A) The arrow indicates the direction of load. The loaded side demonstrates cohesive failure within the veneering porcelain (original magnification × 30), (B) Interface of the veneering porcelain and the metal core (original magnification × 250), (C) High magnification SEM image exhibited an opaque layer and an oxide layer (original magnification × 1000).](jap-1-129-g005){#F5}

![SEM image of high noble metal alloy-veneer group (Group III)\
(A) The arrow indicates the direction of load (original magnification × 30), (B) Predominance of cohesive failure (original magnification × 250), (C) High magnification SEM image exhibited an opaque layer and oxide layer (original magnification × 1000).](jap-1-129-g006){#F6}

![EDX results of Group I, II, III.\
(A) EDX results of Group I showed the presence of a thin porcelain layer over the zirconia, (B) EDX results of the fractured base metal alloy surface (Group II) demonstrated an exposed metal surface with some ceramic remainder, (C) EDX results of the fractured high noble metal alloy surface (Group III) presented no exposed metal surface.](jap-1-129-g007){#F7}
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Mean shear bond strength (MPa) with standard deviations in parentheses of the different materials
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^\*^Values with the same letter are not statistically different using Tukey\'s test at *P* \< .05
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One-way ANOVA data of shear strength of groups
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